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In noradrenergic progenitors, Phox2a mediates cell cycle exit and neuronal differentiation by inducing
p27Kip1 transcription in response to activation of the cyclic AMP (cAMP) pathway. The mechanism of
cAMP-mediated activation of Phox2a is unknown. We identified a cluster of phosphoserine-proline sites
in Phox2a by mass spectrometry. Ser206 appeared to be the most prominent phosphorylation site. A
phospho-Ser206 Phox2a antibody detected dephosphorylation of Phox2a that was dependent on activation
of the cAMP pathway, which occurred prior to neuronal differentiation of noradrenergic CAD cells.
Employing serine-to-alanine and serine-to-aspartic acid Phox2a substitution mutants expressed in induc-
ible CAD cell lines, we demonstrated that the transcriptional activity of Phox2a is regulated by two
sequential cAMP-dependent events: first, cAMP signaling promotes dephosphorylation of Phox2a in at
least one site, Ser206, thereby allowing Phox2a to bind DNA and initiate p27Kip1 transcription; second,
following dephosphorylation of the phosphoserine cluster (Ser202 and Ser208), Phox2a becomes phos-
phorylated by protein kinase A (PKA) on Ser153, which prevents association of Phox2a with DNA and
terminates p27Kip1 transcription. This represents a novel mechanism by which the same stimulus, cAMP
signaling, first activates Phox2a by dephosphorylation of Ser206 and then, after a built-in delay, inacti-
vates Phox2a via PKA-dependent phosphorylation of Ser153, thereby modulating onset and duration of
p27Kip1 transcription.

Formation of the proper structures of the nervous system
involves coordination of cell cycle exit of neural progenitors
with differentiation (9). For example, the development of
the organ of Corti of the inner ear (23) and neurogenesis in
the spinal cord (19) involve transcription of the cyclin-de-
pendent kinase inhibitor p27Kip1, which coordinates cell cy-
cle exit of neural progenitors with differentiation. In the
catecholaminergic CAD cell line, the transcription of
p27Kip1 is mediated by the homeodomain (HD) transcrip-
tion factor Phox2a (29), and in neural spinal cord progeni-
tors it is mediated by the HD transcription factor Cux2 (19).
The mechanism by which the cell cycle apparatus is coordi-
nated with the transcription of p27Kip1 has not yet been
determined. To understand this mechanism, it is important
to decipher how lineage-determining transcription factors
such as Phox2a or Cux2 become activated by extracellular
inductive signals. A prevalent mechanism modulating acti-
vation of transcription factors in response to extracellular
signals is reversible phosphorylation/dephosphorylation (11,
17), which regulates DNA binding (21), transactivation (12),
stability, or nuclear localization (31). In addition, transcrip-
tion factors undergo multisite phosphorylations that fine-
tune their activity to reflect the strength of the inducing

signal (8, 30). In this study, we investigated the mechanism
by which inductive signals modulate the activity of Phox2a to
initiate transcription of p27Kip1. An inductive signal for nor-
adrenergic neuron differentiation in vitro is cyclic AMP
(cAMP) signaling (4, 7), which regulates Phox2a activation
(29) by a mechanism not yet determined.

Phox2a is required for differentiation of noradrenergic neu-
rons in the central nervous system (CNS) and peripheral ner-
vous system (PNS) (25, 28, 35). Noradrenergic neurons express
the catecholamine biosynthetic enzymes tyrosine hydroxylase
(TH) and dopamine-�-hydroxylase (2, 13). Phox2a directly
regulates the transcription of both the TH and dopamine-�-
hydroxylase genes (42) in response to cAMP signaling (1, 7,
37). The major noradrenergic center in the CNS is the locus
ceruleus, which is absent in Phox2a�/� mice (28) and
MASH1�/� mice (16). MASH1, induced by BMP2 signaling, is
a proneural transcription factor (32, 33) required for Phox2a
expression (16). Noradrenergic neurons of the PNS include
sympathetic ganglia and parenchymal cells of the adrenal me-
dulla. Adrenal glands of mice lacking MASH1 exhibit reduced
numbers of Phox2a-positive and TH-expressing cells despite
expression of the paired HD transcription factor Phox2b (16).

Although the developmental origins of noradrenergic pro-
genitors of the CNS (ventricular zone) and PNS (trunk-derived
neural crest cells) are distinct (18, 22), in vivo (16) and in vitro
(3, 7, 24, 29) studies indicate that the mechanism of noradren-
ergic differentiation mediated by Phox2a is the same. In vitro
models of CNS- and PNS-derived noradrenergic differentia-
tion include primary cultures of neural crest cells and cultured
CAD cells (3, 5, 7, 29). The CAD cell line is a variant of the
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Cath.a cell line derived from locus ceruleus brain tumors of
transgenic mice expressing the simian virus 40 antigen from the
TH promoter (36). Using these cellular models, it has been
demonstrated that, in addition to BMP2, moderate activation
of the cAMP pathway is required for both transcription and
activation of Phox2a (3, 7, 29). Activated Phox2a mediates
neuronal differentiation of primary neural crest cells and CAD
cells (4, 5, 24).

cAMP signaling regulates the binding of Phox2a to DNA (1,
29, 37) and the ability of Phox2a to mediate transcription of the
p27Kip1 gene (29). Treatment with the phosphatase inhibitor
okadaic acid (OA) inhibited cAMP-induced binding of Phox2a
to the p27Kip1 promoter, the transcription of p27Kip1 mRNA,
and neuronal differentiation of neural crest and CAD cells
(7, 29).

In this study, we employed the CAD cell line to investigate
the mechanism by which cAMP signaling regulates the activity
of Phox2a to induce p27Kip1 transcription. We determined by
mass spectrometry (MS) that Ser206, located within a cluster
of proline-directed phosphoserines (Ser202 and Ser208), is the
most prominent phosphorylation site of Phox2a. We provide
evidence that cAMP signaling promotes the dephosphoryla-
tion of Ser206, which allows Phox2a to bind to the p27Kip1

promoter and mediate p27Kip1 transcription. In primary neural
crest cells and CAD cells, transcription of p27Kip1 in response
to activation of the cAMP pathway occurs in a defined interval
prior to neuronal differentiation (29). We demonstrate that
protein kinase A (PKA) phosphorylates Ser153 located adja-
cent to the Phox2a HD and that this phosphorylation deter-
mines the interval of p27Kip1 transcription. PKA-mediated
phosphorylation of Ser153 occurs after the dephosphorylation
of the phosphoserine cluster (Ser202, Ser206, and Ser208) and
interferes with the binding of Phox2a to the p27Kip1 promoter,
thereby terminating p27Kip1 transcription. Thus, cAMP signal-
ing first activates Phox2a by dephosphorylation of Ser206 and
then, following dephosphorylation of Ser202 and Ser208, inac-
tivates Phox2a by PKA-mediated phosphorylation of Ser153,
thereby modulating both onset and duration of p27Kip1 tran-
scription.

MATERIALS AND METHODS

Cell culture. Growth conditions for CAD cells were as described previously
(5). Neuronal differentiation of CAD cells in serum-containing medium was
induced by addition of 5 �M forskolin (5). p27Kip1 small interfering RNA
(siRNA) transfections and controls were performed as described previously (29).
Tetracycline-regulated CAD cell lines expressing wild-type (WT) Phox2a-FLAG
or site-directed Phox2a-FLAG mutants were constructed as described previously
(29). Phox2a mutants containing serine (S)-to-alanine (A) or serine-to-aspartic
acid (D) substitutions were generated using the QuikChange XL site-directed
mutagenesis kit (Stratagene). Mutations were confirmed by DNA sequencing.

Phox2a-FLAG purification and MS. Phox2a-FLAG was expressed in the tet-
racycline-regulated CAD-Phox2a-FLAG cell line (29) by tetracycline removal
and purified by immunoaffinity chromatography using anti-FLAG M2 affinity gel
(Sigma) and elution with FLAG peptide (Sigma). Phox2a-FLAG preparations
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Coomassie blue staining. Peptides were generated by in-gel
digestion with trypsin and analyzed by liquid chromatography-tandem MS using
an Agilent 1100 capillary high-pressure liquid chromatograph and either an LTQ
ion trap (Thermo Scientific) or a 4800 matrix-assisted laser desorption ioniza-
tion–time-of-flight MS exactly as described previously (14). Sorcerer (Sage-N
Research) or Mascot (Matrix Science) database search software was used to
identify potential Phox2a phosphopeptides. All spectra were analyzed manually
to confirm peptide identity and localize phosphate groups.

Assays. Real-time PCR quantification of p27Kip1 mRNA was performed as
described previously (29). Chromatin immunoprecipitation (ChIP) assays em-
ployed primer pairs corresponding to HD site 3 of the p27Kip1 promoter (29).
Southwestern blot analysis was performed as described by Handen and Rosen-
berg (15) with minor modifications. Immunofluorescence microscopy and immu-
noblot analyses were performed as described previously (29).

Antibody generation. Phospho-S206 Phox2a antibody was generated by Pro-
teintech Group Inc. using the synthetic peptide SLASPRLpSPSPLPAA as the
immunizing antigen. The phospho-S206 Phox2a antibody was used at dilutions of
1:500 for immunofluorescence microscopy and 1:1,000 for immunoblotting.

In vitro PKA phosphorylation. Purified WT Phox2a-FLAG and S153APhox2a-
FLAG proteins were incubated in 50 mM HEPES (pH 7.4), 5 mM MnCl2, and
100 mM ATP with 10 U PKA catalytic subunit (Sigma) and 20 �Ci [�-32P]ATP
(6,000 Ci/mmol) at 30°C for 30 min. Phosphoproteins were separated by SDS-
PAGE, transferred to nitrocellulose membranes, and detected by autoradiogra-
phy. For alkaline gel electrophoresis, the region of the nitrocellulose membrane
containing the phosphorylated protein was excised and incubated in 0.5% poly-
vinylpyrrolidone (PVP-360; Sigma) and 100 mM acetic acid for 30 min at 37°C.
After five washes in H2O, membranes were incubated for 2 h at 37°C with 10 �g
L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin (Sigma) in 50
mM NH4HCO3. Fresh trypsin (10 �g) was added and incubated for an additional
2 h. Samples were lyophilized and resuspended in alkaline PAGE sample buffer
(0.125 M Tris-HCl [pH 6.8], 6 M urea, and bromophenol blue). Tryptic phos-
phopeptides were separated by alkaline 40% PAGE at 8 mA (10, 20); phos-
phopeptides were detected by autoradiography.

Metabolic labeling. A total of 2 � 106 CAD cells expressing S202A/S206A/
S208APhox2a-FLAG, S206APhox2a-FLAG, or S153A/S206APhox2a-FLAG for
72 h were preincubated in phosphate-free Dulbecco modified Eagle medium for
1 h, followed by incubation in medium containing 0.6 mCi/ml [32P]orthophos-
phate with or without addition of forskolin (5 �M) and H89 (10 �M). Cells were
lysed in radioimmunoprecipitation assay buffer containing 150 mM NaCl, 10 mM
Tris-HCl (pH 7.2), 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 100
mM NaF, 50 mM �-glycerolphosphate, and protease inhibitor cocktail (1:1,000;
Sigma).

RESULTS

Identification of Phox2a phosphorylation sites by MS. To
understand the mechanism of Phox2a activation, we investi-
gated the modifications of Phox2a by MS. We employed puri-
fied Phox2a-FLAG protein isolated from a CAD cell line that
expresses ectopic Phox2a-FLAG via the tetracycline-regulated
(Tet-off) expression system (29). Phox2a-FLAG-expressing
CAD cells were grown without activation of the cAMP
pathway.

To identify Phox2a phosphorylation sites, tryptic peptides of
purified Phox2a-FLAG were analyzed by high-pressure liquid
chromatography and tandem MS on a linear ion trap MS. We
obtained high-quality fragment ion spectra covering nearly
90% of the Phox2a sequence. A cluster of proline-directed
phosphorylation sites was detected in the C-terminal region.
Two individual peptides, Phox2a179–204 and Phox2a205–224,
were each detected in singly and doubly phosphorylated forms
(Fig. 1; see Fig. S1 in the supplemental material). Fragment
ion spectra allowed conclusive localization of phosphate
groups to Ser202, Ser206, and Ser208 within these two peptides
(Fig. 1). An additional site was localized to either Ser183 or
Thr185. The latter site is minor compared to Ser202, because
the singly phosphorylated Phox2a179–204 peptide was exclu-
sively modified at Ser202 (see Fig. S1B in the supplemental
material). On the other hand, the singly phosphorylated
Phox2a205–224 peptide appeared to be a mixture of species
phosphorylated on Ser206 and Ser208 (see Fig. S1A in the
supplemental material).

Two qualitative observations suggested that Ser206 was the
most prominent phosphorylation site. First, when the same
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Phox2a tryptic peptides were analyzed by matrix-assisted laser
desorption ionization tandem MS, the fragment ion spectrum
for phospho-Phox2a205–224 revealed no evidence of phosphor-
ylation at Ser208 (see Fig. S1C in the supplemental material).
Second, based on extracted ion chromatograms (not shown),
the ratio of phosphopeptide signal to unmodified peptide sig-
nal for Phox2a205–224 was much greater than that for
Phox2a179–204. This result is consistent with the stoichiometry
of Phox2a205–224 phosphorylation being significantly greater
than that of Phox2a179–204. These observations suggest that
Ser206 is the most prominent site of phosphorylation. Accord-

ingly, we focused our initial efforts on studying the phosphor-
ylation of Ser206.

Phox2a Ser206 is dephosphorylated in response to cAMP
signaling. We generated a phospho-S206-specific Phox2a poly-
clonal antibody (see Materials and Methods). In immunoblots
the phospho-S206 Phox2a antibody detected purified Phox2a-
FLAG protein and Phox2a-FLAG in lysates of cells grown
without treatment with forskolin (Fig. 2A). In contrast, immu-
nodetection was abolished after treatment of purified Phox2a-
FLAG protein with � phosphatase, by addition of the compet-
ing phospho-S206 Phox2a peptide, or using a Phox2a mutant

FIG. 1. Phox2a is phosphorylated in vivo at a cluster of S-P sites. Tandem MS was used to map in vivo phosphorylation sites on
affinity-purified FLAG-Phox2a. Only a subset of y and b ions is labeled. (A) Doubly charged, doubly phosphorylated Phox2a205–224 tryptic
peptide. The y ion series up to y16 is unmodified, suggesting that Ser206 and Ser208 are the two sites of phosphorylation. This is confirmed
by the b4 and b6 ions, which are shifted by m/z of 160 and associated with peaks representing neutral loss of phosphoric acid (�98). (B) Triply
charged, doubly phosphorylated Phox2a179–204 tryptic peptide. The y3 ion is shifted by m/z of 80 and is associated with a peak representing
neutral loss of 98, demonstrating that Ser202 is phosphorylated. The b14 and b7 ions are also shifted by m/z of 80, but b4 is unmodified,
localizing a second phosphorylation site to Ser183 and/or Thr185. In both panels, the peptide sequence highlights the fragment ions labeled
in the spectra and asterisks mark the locations of phosphate groups. See Fig. S1 in the supplemental material for comparison of unmodified
and phosphorylated peptide spectra.
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protein with alanine substitution of Ser206 (Fig. 2A). These
results demonstrate the specificity of the phospho-S206 anti-
body for Phox2a phosphorylated on Ser206.

The tetracycline-regulated CAD-Phox2a-FLAG cell line ex-
hibits peak expression of p27Kip1 mRNA at 4 h after forskolin
stimulation (29). To investigate whether Ser206 phosphoryla-
tion is linked to the transcriptional activity of Phox2a in this
cell line, we examined the phosphorylation status of Phox2a on
Ser206 by immunoblots with the phospho-S206 antibody (Fig.
2B). In a time course after treatment with forskolin, Ser206

phosphorylation was detected at 2 h, whereas detection was
abolished by 4 h. Interestingly, Ser206 was found to be phos-
phorylated at 12 h after treatment with forskolin. Cotreatment
with forskolin and the phosphatase inhibitor OA (5 nM) or the
PKA inhibitor H89 (10 �M) restored Ser206 phosphorylation
at 4 h. Moreover, Ser206 is phosphorylated without activation
of the cAMP pathway (Fig. 2B).

The CAD-Phox2a-FLAG cell line undergoes neuronal dif-
ferentiation at 12 h following treatment with forskolin, as de-
tected by peripherin immunostaining of neurites; treatment

FIG. 2. (A) Immunoblots using a phospho-S206 Phox2a antibody (see Materials and Methods) and purified Phox2a-FLAG protein or lysate
(20 �g) from Phox2a-FLAG-expressing CAD cells, purified Phox2a-FLAG treated without (�) and with (�) � phosphatase or with phospho-S206
Phox2a peptide, and FLAG immunoprecipitates of WT Phox2a-FLAG and S206APhox2a-FLAG. M, molecular mass. (B) Immunoblots using the
phospho-S206 Phox2a antibody of lysates from CAD-Phox2a-FLAG cells grown with (�) or without (�) tetracycline for 72 h and treated for an
additional 0 to 12 h with (�) or without (�) forskolin (5 �M), OA (5 nM), or H89 (10 �M), as indicated. Total Phox2a-FLAG was detected by
FLAG immunoblotting. An actin immunoblot was used as the loading control. (C) Immunofluorescence microscopy of CAD-Phox2a-FLAG cells
grown with (�) or without (�) tetracycline for 72 h and treated for an additional 0 to 12 h with (�) or without (�) forskolin (5 �M), OA (5 nM),
or H89 (10 �M), as indicated; cells were coimmunostained with phospho-S206 Phox2a antibody (green) and peripherin antibody (red). Merged
images also show staining of DNA with 4�,6�-diamidino-2-phenylindole (DAPI).
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with OA or H89 inhibits cAMP-induced neuronal differentia-
tion (7, 29). To investigate the phosphorylation status of
Ser206 relative to neuronal differentiation, Phox2a-FLAG-ex-
pressing CAD cells treated with forskolin for 12 h were ana-
lyzed by immunofluorescence microscopy, using antibodies for
phospho-S206 Phox2a and peripherin (Fig. 2C). Ser206 is
phosphorylated at 2 h, but not at 4 h, following addition of
forskolin. Interestingly, upon neuronal differentiation occur-
ring at 12 h after treatment, Ser206 is phosphorylated. Cotreat-
ment with forskolin and either OA or H89 maintained Ser206
phosphorylation at 4 h, in agreement with the immunoblot
data (Fig. 2B), and inhibited neuronal differentiation. These
results suggest that dephosphorylation of Ser206 mediated by
the cAMP pathway is necessary for neuronal differentiation of
CAD cells.

Dephosphorylation of Ser206 activates Phox2a-mediated
p27Kip1 transcription. To directly test the functional signifi-
cance of phospho-Ser206 for Phox2a activity, we generated
Phox2a mutants with serine-to-alanine or serine-to-aspartic
acid substitutions at that site. Since Ser202 and Ser208 are also
phosphorylated (Fig. 1), we examined combinations of the
Ser206 mutations with alanine or aspartic acid substitutions of
Ser202 and Ser208 as well (Fig. 3A). We then constructed
tetracycline-regulated CAD cell lines expressing each of the
Phox2a-FLAG mutants. These CAD cell lines were used for all
subsequent experiments. The introduced mutations do not af-

fect the expression level of the mutant Phox2a proteins (see
Fig. S2 in the supplemental material). The earliest known
transcriptional target of Phox2a is the p27Kip1 gene (29). Ac-
cordingly, we investigated the activity of the Phox2a mutants by
quantifying expression of endogenous p27Kip1 mRNA as a
function of time by real-time PCR, with and without treatment
with forskolin.

First, we studied the activity of S206DPhox2a and
S206APhox2a mutants (Fig. 3B and C). Without activation of
the cAMP pathway, neither WT nor S206DPhox2a induced
p27Kip1 mRNA. However, S206APhox2a mediated a progres-
sive increase in p27Kip1 mRNA from 2 to 8 h (Fig. 3B), sug-
gesting that dephosphorylation of Ser206, modeled by the ala-
nine substitution, renders Phox2a constitutively active.
Conversely, Ser206DPhox2a failed to induce p27Kip1 mRNA
expression even with activation of the cAMP pathway (Fig.
3C). Since aspartic acid can often mimic phosphoserine, these
results suggest that Ser206 phosphorylation inhibits Phox2a-
mediated transcription.

Interestingly, upon activation of the cAMP pathway, p27Kip1

expression in Ser206APhox2a cells was no longer constitutive
but became time dependent. Specifically, a peak of p27Kip1

mRNA (16-fold increase) was observed at 4 h, followed by a
decrease to the basal level by 6 h (Fig. 3C). This pattern of
p27Kip1 mRNA expression resembles that in WT Phox2a-
FLAG-expressing cells, but the magnitude is greater. Similar

FIG. 3. (A) Site-directed Phox2a mutants expressed in stable CAD cell lines via the Tet-off system (see Fig. S2 in the supplemental material).
(B and C) Real-time PCR quantification of endogenous p27Kip1 mRNA using total RNA isolated from the indicated CAD-Phox2a-FLAG cell lines.
The indicated Phox2a proteins were expressed in a time course (0 to 8 h) by tetracycline removal and concurrent treatment without (�) forskolin
(B) and with (�) forskolin (5 �M) (C). Phox2a protein levels are shown in Fig. S2 in the supplemental material. Three independent RNA isolations
were analyzed by PCR using identical triplicates. Quantification used glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control.
Fold induction is relative to 0 h. Error bars indicate standard deviations.
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results were obtained with both S208APhox2a (see Fig. S3A
and B in the supplemental material) and S202A/S206APhox2a
(see Fig. S4A and B in the supplemental material) after treat-
ment with forskolin. These results strongly suggest that cAMP
signaling mediates an additional Phox2a regulatory mechanism
that determines the duration of Phox2a activation.

cAMP signaling terminates Phox2a activation via Ser153
phosphorylation. To investigate how cAMP signaling termi-
nates Phox2a activation, we focused on Ser153, a potential
phosphorylation site for PKA located adjacent to the DNA
binding domain of Phox2a (38). Unfortunately, peptides con-
taining Ser153 have not been detected in our MS analyses.
Nevertheless, we generated S153A and S153D substitutions in
WT and S206APhox2a and constructed tetracycline-regulated
CAD cell lines expressing these mutants (Fig. 4).

Neither S153APhox2a nor S153DPhox2a induced expres-
sion of p27Kip1 mRNA without activation of the cAMP path-
way (Fig. 4A), in agreement with the requirement for dephos-
phorylation of Ser206 in Phox2a activation (Fig. 3). In the
presence of forskolin, S153APhox2a mediated a progressive
increase in p27Kip1 mRNA, in contrast to the distinct peak of
p27Kip1 mRNA induced by WT Phox2a (Fig. 4B). Moreover,
S153DPhox2a did not induce expression of p27Kip1 mRNA
even after activation of the cAMP pathway (Fig. 4B). These
results are consistent with a phosphorylation of Ser153 that
contributes to the cAMP-dependent termination of Phox2a
activity. Immunoblots (Fig. 4C) and immunostaining (Fig. 4D)
with the phospho-S206 Phox2a antibody demonstrate that both
S153APhox2a and S153DPhox2a proteins become dephosphor-
ylated at Ser206 4 h after forskolin stimulation. Since
S153DPhox2a did not induce expression of p27Kip1 mRNA
even after cAMP-induced dephosphorylation of Ser206 (Fig.
4C), this suggests that Ser153 phosphorylation has a dominant-
negative effect on Phox2a activity.

To test the hypothesis that Ser153 phosphorylation has a
dominant inhibitory effect on Phox2a activity, we examined the
effect of S153A and S153D substitutions in the context of the
S206APhox2a mutant. Irrespective of cAMP signaling, S153D/
S206APhox2a failed to induce p27Kip1 mRNA expression (Fig.
4E and F). In contrast, S153A/S206APhox2a mediated a pro-
gressive increase in p27Kip1 expression in both the absence
(Fig. 4E) and presence (Fig. 4F) of forskolin, reaching nearly
a 50-fold induction at 8 h after forskolin treatment. These
results strongly suggest that (i) S153 phosphorylation is essen-
tial for cAMP-dependent termination of Phox2a activity, as
revealed by the S206APhox2a mutant (Fig. 3C), and (ii) Ser153
phosphorylation limits the duration of Phox2a activation.

PKA phosphorylates Phox2a Ser153. To investigate whether
Ser153 can be phosphorylated by PKA, we performed in vitro
kinase assays employing purified WT Phox2a-FLAG and
S153APhox2a-FLAG proteins as substrates (Fig. 5A). WT
Phox2a-FLAG was prominently phosphorylated by PKA,
whereas minimal phosphorylation was observed with
S153APhox2a. To confirm that WT Phox2a-FLAG was phos-
phorylated on Ser153, the phosphorylated and SDS-PAGE-
purified WT and S153APhox2a proteins were isolated and
digested with trypsin. The tryptic peptides were analyzed by
alkaline 40% PAGE, which permits separation of negatively
charged peptides based on the ratio of charge to mass (10, 20).
Complete tryptic digestion of Phox2a generates a five-amino-

acid peptide containing Ser153 (151AASAK155). Direct com-
parison of the WT and S153APhox2a tryptic peptide patterns
revealed a short 32P-radiolabeled peptide present only in the
WT Phox2a protein digest (Fig. 5B).

We examined whether Ser153 is phosphorylated in cells
upon activation of the cAMP pathway. CAD cells expressing
S202A/S206A/S208APhox2a, S206APhox2a, and S153A/
S206APhox2a were metabolically labeled with [32P]orthophos-
phate as a function of activation of the cAMP pathway. The
32P-radiolabeled Phox2a proteins were purified by immunoaf-
finity chromatography and SDS-PAGE. Tryptic peptides of
32P-radiolabeled proteins were analyzed by 40% PAGE and
autoradiography (Fig. 5C). As with the in vitro PKA phosphor-
ylation pattern of Phox2a, a short 32P-radiolabeled peptide was
detected in the tryptic digest of S202A/S206/S208APhox2a iso-
lated from forskolin-stimulated cells. The alanine substitutions
in S202A/S206/S208APhox2a minimized 32P incorporation at
other phosphorylation sites. The tryptic digest of S206APhox2a
which was metabolically labeled with [32P]orthophosphate in
the presence of forskolin also generated a prominent, short
32P-radiolabeled peptide. Importantly, cotreatment with the
PKA inhibitor H89 abolished detection of this short peptide,
indicating that this phosphorylation is mediated by PKA. Sig-
nificantly, S153A/S206APhox2a, which lacks the potential PKA
site at Ser153, also lacks this 32P-radiolabeled peptide, provid-
ing evidence that Ser153 is phosphorylated in situ in response
to activation of the cAMP pathway.

Dephosphorylation of Ser202, Ser206, and Ser208 modu-
lates the duration of Phox2a activation. To explore the con-
tribution of the other phosphorylation sites identified by MS,
the combined effect of Ser202, Ser206, and Ser208 dephos-
phorylation was tested using the triple-alanine S202A/S206A/
S208APhox2a mutant (Fig. 6). This Phox2a mutant exhibited a
progressive increase in p27Kip1 mRNA from 2 to 8 h in the
absence of forskolin, similar to the case for S206APhox2a but
50% greater in magnitude (Fig. 6A). Upon activation of the
cAMP pathway, the triple-alanine mutant exhibited the same
level of p27Kip1 mRNA at the 2-h interval as without activation
of the cAMP pathway, but intriguingly, the level of p27Kip1

mRNA returned to the basal level by 4 h (Fig. 6B). These
observations suggest that with the triple-alanine Phox2a mu-
tant, the cAMP-mediated regulation is inhibition of its tran-
scriptional activity. Interestingly, the double mutant S202A/
S206APhox2a also displayed a peak increase in p27Kip1 mRNA
at 2 h instead of 4 h after treatment with forskolin, but the level
of induction was 25-fold (see Fig. S4B in the supplemental
material). These results suggest that Phox2a activation and
onset of Phox2a-mediated transcription are influenced by the
phosphorylation status of the entire phosphoserine cluster; on
the other hand, complete dephosphorylation of this phospho-
serine cluster, modeled by S202A/S206A/S208APhox2a, is re-
quired for subsequent Ser153 phosphorylation (Fig. 4), which
terminates Phox2a activity. Thus, the phosphorylation status of
the phosphoserine cluster could serve as a sensitive modulator
of the amplitude and duration of Phox2a activation (see Dis-
cussion). Based on this interpretation, the triple-alanine mu-
tation eliminates this modulatory function and accelerates
both the onset of p27Kip1 transcription and the subsequent
inactivation of Phox2a, thus resulting in an early but modest
induction of p27Kip1 transcription.
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FIG. 4. Real-time PCR quantification of endogenous p27Kip1 mRNA using total RNA isolated from CAD cell lines that express the indicated
Phox2a proteins via the Tet-off system (see Fig. S2 in the supplemental material). (A and E) Without (�) forskolin; (B and F) with (�) forskolin
added concurrently with tetracycline removal. Three independent RNA isolations were analyzed by PCR using identical triplicates. Quantification
used GAPDH as an internal control. Fold induction is relative to 0 h. (C and D) Immunoblots (C) and immunofluorescence microscopy (D) using
the phospho-S206 Phox2a antibody. Lysates in panel C or cultures in panel D were from the indicated CAD-Phox2a-FLAG expressing cell lines
grown without (�) tetracycline for 72 h and treated for an additional 0 to 12 h with (�) or without (�) forskolin (5 �M). Error bars indicate
standard deviations.
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To test directly if PKA-mediated phosphorylation of Ser153
is responsible for the early and weak p27Kip1 induction ob-
served with the triple-alanine Phox2a mutant, we quantified
cAMP-induced p27Kip1 expression in S202A/S206A/
S208APhox2a-expressing cells with and without addition of the
PKA inhibitor H89 at 2 h. In the presence of H89, p27Kip1

transcription increased continuously for the duration of the
time course (Fig. 6C), while OA treatment did not alter the
expression profile of p27Kip1. These results provide additional
support for a direct role of PKA in terminating Phox2a acti-
vation after dephosphorylation of the phosphoserine cluster.

cAMP-dependent phosphorylation of Phox2a regulates its
DNA binding capacity. ChIP assays have demonstrated that
activation of the cAMP pathway regulates the binding of
Phox2a to HD site 3 of the endogenous p27Kip1 promoter (29).
Using the same method, we investigated the DNA binding
potential of Phox2a-FLAG proteins containing mutations of
Ser206 and Ser153, in CAD cells, as a function of treatment
with forskolin for 4 h (Fig. 7A). S206APhox2a displayed a
fivefold increase in binding to HD site 3, independent of for-
skolin treatment. In contrast, S206DPhox2a lacked binding
to HD site 3, irrespective of treatment with forskolin.
S153APhox2a resulted in eightfold-increased binding to the
p27Kip1 promoter, but only with forskolin treatment, support-
ing that cAMP-dependent dephosphorylation of Ser206 is nec-
essary for DNA binding. The double mutant S153A/
S206APhox2a exhibited a greater increase in DNA binding
with forskolin treatment than without (15-fold versus 8-fold).
This is consistent with an additional contribution of Ser202 and
Ser208 dephosphorylation to cAMP-induced Phox2a activa-
tion. Importantly, S153D/S206APhox2a failed to bind the en-
dogenous p27Kip1 promoter, further demonstrating that phos-

phorylation of Ser153 is dominant to dephosphorylation of
Ser206.

We confirmed the ChIP results by in vitro DNA binding
assays, including electrophoretic mobility shift assays (data not
shown), and Southwestern blot assays (Fig. 7B). Phox2a pro-
teins (WT and the indicated mutants) were purified from cells
grown for 4 h with forskolin treatment, with or without addi-
tion of OA. Following SDS-PAGE, purified proteins were
transferred to nitrocellulose and incubated with 32P-radiola-
beled DNA containing WT or a mutant HD site 3. The results
clearly show that WT Phox2a, purified from forskolin-stimu-
lated cells, bound the HD site 3 of the p27Kip1 promoter, and
this binding was inhibited when Phox2a was purified from cells
treated with forskolin plus OA. In contrast, S206APhox2a
bound HD site 3 irrespective of forskolin or OA treatment,
and S206DPhox2a did not bind HD site 3 under any condi-
tions. Likewise, S153A/S206APhox2a displayed constitutive
binding to HD site 3, whereas S153DS206APhox2a failed to
bind under any conditions.

Alanine substitutions of Phox2a Ser206 and Ser153 accel-
erate CAD cell neuronal differentiation. We investigated
whether cAMP-mediated Phox2a modifications influence neu-
ronal differentiation of our CAD cell lines. Neuronal differen-
tiation, monitored by immunofluorescence detection of neu-
rites, occurs within 12 h following expression of Phox2a-FLAG
by tetracycline removal and concurrent treatment with forsko-
lin (29) (Fig. 8A). In the absence of forskolin treatment, ec-
topic Phox2a-FLAG does not induce neuronal differentiation
(Fig. 8B). All serine-to-alanine Phox2a mutants exhibited ac-
celerated neurite formation in response to forskolin treatment
(Fig. 8A), whereas S206DPhox2a and S153DPhox2a lacked

FIG. 5. (A) Purified WT Phox2a-FLAG and S153Phox2a proteins were incubated with (�) or without (�) the catalytic subunit of PKA
and analyzed by 10% SDS-PAGE and autoradiography. A FLAG immunoblot (IB) of Phox2a proteins used in kinase reactions is shown.
(B) Tryptic digests of in vitro PKA-phosphorylated WT Phox2a and S153APhox2a proteins, analyzed by 40% polyacrylamide alkaline gel
electrophoresis and autoradiography. The arrow indicates the major phosphorylated peptide. (C) Tryptic digests of metabolically labeled
S202A/S206A/S208APhox2a, Ser206APhox2a, and S153A/S206APhox2a proteins, analyzed by 40% polyacrylamide alkaline gel electro-
phoresis and autoradiography. Phox2a proteins were expressed by tetracycline removal for 72 h. Metabolic labeling with [32P]orthophosphate
was for 2.5 h for S202A/S206A/S208APhox2a, concurrent with (�) or without (�) addition of forskolin. Ser206APhox2a and S153A/
S206APhox2a were incubated for 4.5 h with (�) forskolin, with or without concurrent addition of H89 as indicated; [32P]orthophosphate was
added for the last 3.5 h. Immunoprecipitated Phox2a proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes;
the protein bands of interest were excised, digested with trypsin, electrophoresed on 40% alkaline polyacrylamide gels, and analyzed by
autoradiography. WT Phox2a was in vitro phosphorylated by PKA and processed in parallel with the metabolically labeled S153A/
S206APhox2a samples.
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neuronal differentiation (Fig. 8B; see Fig. S5 in the supple-
mental material).

Of special note is the accelerated appearance of the neuro-
nal phenotype within 1 to 2 h after expression of S206APhox2a
and S153A/S206APhox2a in the presence of forskolin. Cells
expressing these Phox2a mutants exhibit robust p27Kip1 mRNA
induction (	8-fold) at 2 h following activation of the cAMP
pathway (Fig. 3C and 4F). To examine whether this acceler-
ated neuronal phenotype is directly attributable to the early
and enhanced expression of p27Kip1, we depleted endogenous
p27Kip1 mRNA with siRNA. Indeed, the accelerated neuronal
differentiation was abrogated upon transfection of p27Kip1

siRNA (Fig. 8C; see Fig. S6 in the supplemental material).
This result confirms the requirement of p27Kip1 transcription
for coupling cell cycle exit of neural progenitors with neuronal
differentiation (29). Lastly, we found that treatment with OA

inhibited cAMP-induced neuronal differentiation only in cells
that express S153APhox2a, providing additional evidence that
Ser206 dephosphorylation triggered by the cAMP pathway is
required for p27Kip1 transcription and neuronal differentiation
(Fig. 8D).

DISCUSSION

cAMP-mediated dephosphorylation activates Phox2a. The
cAMP pathway coordinates cell cycle exit of CAD neural pro-
genitors with neuronal differentiation by activating Phox2a,
which mediates transcription of p27Kip1 (29). Here, we deter-
mined the mechanism by which the cAMP pathway activates
Phox2a in the noradrenergic CAD cell line (see model in
Fig. 9).

FIG. 6. Real-time PCR quantification of endogenous p27Kip1 mRNA using total RNA isolated from CAD cell lines that express the indicated
Phox2a proteins via the Tet-off system (see Fig. S2 in the supplemental material). (A) Without (�) forskolin; (B) with (�) forskolin added
concurrently with tetracycline removal. (C) Forskolin was added at 0 h; H89 or OA was added 2 or 4 h after addition of forskolin. Three
independent RNA isolations were analyzed by PCR using identical triplicates. Quantification used GAPDH as an internal control. Induction
(n-fold) is relative to 0 h. Error bars indicate standard deviations.
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(i) Inactive Phox2a. Our results are consistent with a model
in which inactive Phox2a is phosphorylated in a cluster of
proline-directed phosphoserine sites (Fig. 1), located at the
C-terminal repression domain of Phox2a (38), until activation
of the cAMP pathway. The cluster of phosphorylation sites
identified by MS includes Ser202, Ser206, and Ser208, with
Ser206 having the most prominent phosphorylation of Phox2a,
and based on our mutational analysis, being the most impor-
tant for regulating Phox2a activation (Fig. 3B).

(ii) Active Phox2a. Activation of the cAMP pathway medi-
ates the critical dephosphorylation of Ser206 via an OA-sensi-
tive step, demonstrated by immunodetection with phospho-
S206-specific Phox2a antibody (Fig. 2A). Dephosphorylation
of Ser206, modeled by S206APhox2a, allows binding of Phox2a
to HD site 3 of the p27Kip1 promoter (Fig. 7), resulting in
transcription of the p27Kip1 gene (Fig. 3). Importantly, inhibi-
tion of PKA by H89 or inhibition of the phosphatase by OA
abrogates both dephosphorylation of Ser206 and neuronal dif-
ferentiation (Fig. 2C), suggesting that cAMP-mediated de-
phosphorylation of Ser206 of Phox2a is functionally important.
This cAMP-mediated dephosphorylation of Ser206 occurs in
the noradrenergic CAD cell line as well as in primary cultures
of neural crest cells stimulated with cAMP-elevating agents

(data not shown). Significantly, the dephosphorylation of
Ser206 coincides with the interval of p27Kip1 transcription de-
termined in our earlier study (29).

The kinase and phosphatase that act on the phosphoserine
cluster remain to be determined. Inhibition of Phox2a activa-
tion by low concentrations (1 to 10 nM) of OA suggests that
the phosphatase belongs to the protein phosphatase 2A family,
as suggested in an earlier study (7). On the other hand, cyclin-
dependent and mitogen-activated protein kinases are likely
candidates for phosphorylation of Ser202, Ser206, and Ser208
since they are proline-directed phosphoserine sites.

Time-dependent inactivation of Phox2a. Activation of the
cAMP pathway induces p27Kip1 transcription in a defined in-
terval prior to neuronal differentiation (29), after which
p27Kip1 transcription is turned off. S206APhox2a mediates con-
stitutive p27Kip1 transcription, but upon activation of the
cAMP pathway the pattern resembles that of WT Phox2a; i.e.,
it displays peak transcription in a defined interval (4 h) and
then returns to basal expression (Fig. 3). We provide evidence
that a PKA-mediated phosphorylation of Ser153, located ad-
jacent to the HD, is responsible for this time-dependent inac-
tivation of Phox2a. PKA-mediated Ser153 phosphorylation,
modeled by aspartic acid substitution at that site, prevents
association of Phox2a with the p27Kip1 promoter (Fig. 7),
thereby terminating p27Kip1 transcription (Fig. 4 and 5). Thus,
the mechanism of Phox2a regulation involves two distinct
cAMP signaling-dependent events separated by a defined time
delay: (i) dephosphorylation of the C-terminal phosphoserine
cluster facilitates Phox2a DNA binding and p27Kip1 promoter
occupancy (Fig. 7), and (ii) phosphorylation by PKA of Ser153
(Fig. 5) interferes with the binding of Phox2a to the p27Kip1

promoter (Fig. 7), thereby terminating p27Kip1 transcription.
We propose that the time delay that separates these two

events is determined by the rate of complete dephosphoryla-
tion of the phosphoserine cluster. We base this proposal on
functional studies which demonstrate that the PKA-mediated
phosphorylation of Ser153 occurs only after the dephosphory-
lation of Ser202, Ser206, and Ser208, as modeled by the triple-
alanine S202A/S206A/S208APhox2a mutant (Fig. 6). This
Phox2a mutant displays constitutive, cAMP-independent ex-
pression of p27Kip1 mRNA, indicating that the protein is tran-
scriptionally functional. In contrast, the effect of the cAMP-
mediated regulation on the triple-alanine Phox2a mutant is the
inhibition of p27Kip1 transcription after the 2-h interval. Im-
portantly, inhibition of PKA by H89 after the 2-h interval
reverses the premature termination of p27Kip1 transcription
mediated by S202A/S206A/S208APhox2a and allows constitu-
tive p27Kip1 expression similar to that for S153A/
S206APhox2a. Treatment with OA has no effect on p27Kip1

transcription, clearly distinguishing dephosphorylation of
Ser202, Ser206, and Ser208 in response to activation of the
cAMP pathway from the PKA-mediated phosphorylation of
Ser153 (Fig. 6C).

Our interpretation of these results is that phosphorylation of
the phosphoserine cluster prevents Ser153 phosphorylation. It
is not until the phosphoserine cluster has been completely
dephosphorylated that PKA can catalyze phosphorylation of
Ser153 to terminate Phox2a transcriptional activity. Initial ac-
tivation of Phox2a requires partial dephosphorylation of the
phosphoserine cluster. Our results with the S206APhox2a mu-

FIG. 7. (A) ChIP performed with CAD cell lines expressing WT
and the indicated Phox2a mutant proteins. Ectopic Phox2a was ex-
pressed by tetracycline removal for 72 h (29) with (�) or without (�)
forskolin for 4 h. PCR quantification of HD site 3 DNA of the p27Kip1

promoter in immunoglobulin G (IgG) or Phox2a immunoprecipitates
is shown. Data are expressed as changes of Phox2a binding to the
p27Kip1 promoter quantified relative to IgG. Results are from at least
three independent experiments. Error bars indicate standard devia-
tions. (B) Southwestern blot analyses of purified WT and mutant
Phox2a proteins isolated from the respective CAD cell lines grown
with (�) or without (�) forskolin and OA for 4 h, employing 32P-
radiolabeled WT and mutant (mt) HD probes. FLAG immunoblots
(IB) of WT and mutant Phox2a-FLAG proteins were run in parallel.
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FIG. 8. Immunofluorescence microscopy of peripherin, using CAD cell lines expressing WT Phox2a-FLAG and the indicated Phox2a mutants
by tetracycline removal. (A, B, and D) The indicated cell lines were grown following concurrent removal of tetracycline and addition of forskolin
(A and B) and with cotreatment with OA (5 nM) (D). CAD-Phox2a-FLAG mutant cell lines grown without treatment with forskolin are shown
in Fig. S5 in the supplemental material. (C) Knockdown of p27Kip1 mRNA by transfection of siRNA (100 nM) in the indicated cell lines, performed
as previously described (29). siRNA controls are shown in Fig. S6 in the supplemental material. Merged images show immunostaining with the
peripherin antibody (red) and DNA staining with Hoechst stain (blue).
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tant are consistent with this interpretation. Specifically,
S206APhox2a is active in the absence of cAMP signaling (Fig.
3B). Additional time is required for further dephosphorylation
of Ser202 and Ser208, and possibly even Ser183/Thr185, which
was identified as a minor proline-directed phosphorylation site.
As a result, a defined delay between the initial activation of
Phox2a and the subsequent Ser153-dependent inactivation is
established. We conclude that PKA mediates the delayed ter-
mination of p27Kip1 transcription by phosphorylating Ser153
and that this event is responsive to the phosphorylation status
of the C-terminal phosphoserine cluster. Thus, Phox2a is in-
trinsically programmed to be active for a defined period of
time. This mechanism of Phox2a regulation by the cAMP path-
way contrasts with the classic cAMP-mediated stimulus-re-
sponse mechanism of CREB activation (11, 12).

Role of multisite phosphorylation in Phox2a regulation.
Multisite phosphorylation of phosphoserine clusters has been
observed and characterized in other transcription factors (11,
31). In the case of inhibitory multisite phosphorylations of
transcription factors, the intensity of the activating signal de-
termines the degree of dephosphorylation, which in turn de-
termines the magnitude and fine-tuning of transcriptional ac-
tivation. Interestingly, the mechanism of Phox2a activation by
cAMP signaling offers the following novel regulation: the rate
of dephosphorylation of the phosphoserine cluster of Phox2a
acts to establish a time delay between two regulatory events,
with the first event activating and the second inactivating
Phox2a, both in response to the same initial stimulus. Our data
suggest that the phosphoserine cluster of Phox2a undergoes a

time-dependent, graded dephosphorylation, raising the ques-
tion of the mechanism modulating this process.

Reversible phosphorylation of Ser/Thr-Pro is a signaling
mechanism known to regulate transcription (38, 40, 41) and
cell cycle progression (27, 34, 43). An aspect of this regulation
involves the cis/trans isomerization of prolyl residues catalyzed
by prolyl isomerase Pin1, which recognizes only phosphory-
lated Ser/Thr-Pro bonds (26). It is well established that some
kinases and phosphatases, including protein phosphatase 2A,
require the trans isomer of Ser/Thr-Pro sequences (39). Thus,
it is interesting to speculate that regulated prolyl isomerization
of Phox2a by Pin1 could be involved in regulating Phox2a
activity. Interestingly, recent studies have shown that Pin1 reg-
ulates p27Kip1 transcription by inhibiting the transcriptional
activity of the tumor suppressor FOXO (6). Therefore, one
possibility is that prolyl isomerization of Phox2a facilitates
dephosphorylation of the Ser-Pro cluster, promoting activation
of Phox2a; alternatively, prolyl isomerization of Phox2a may
maintain the inactive state by facilitating phosphorylation of
the Ser-Pro cluster. Thus, a dynamic balance of opposing phos-
phatase and kinase activities may contribute to the overall rate
of dephosphorylation of the Ser-Pro cluster. The mechanistic
nature of the delay between the activating dephosphorylation
of Phox2a and the inactivating phosphorylation of Ser153 is
currently under study.
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